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Upconversion studies typically use a laser as the source of low-energy photons. A
lower cost, lower power, and fully tunable system was used here. The Fluoromax-4
spectrofluorometer incorporates a 150-W xenon lamp and illuminates a 1 cm3 volume in
a standard cuvette. The 1 cm x 1cm excitation beam was reduced to 1 mm x 1 mm,
increasing the power density by 100. The cuvette was mounted upon a translation stage
so that the excitation beam could skim the inside surface of the cuvette. This minimized
self-absorption of the output. Finally, an optical filter was included between the
excitation monochromator and the cuvette to ensure that the solution was not exposed to
undesired wavelengths.
The instrument was tested with a known sensitizer/emitter system and
upconversion was detected. Subsequently, a new pair of compounds was studied but the
[Ru(deab)3]2+/BPEA solution did not exhibit upconversion in the modified instrument.
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INTRODUCTION

Solar energy offers the opportunity for our society to make the inevitable
transition toward environmental sustainability.1 It is with alternative means such as solar
energy that mankind must look to with fossil fuels depleting. There are several kilowatt
hours of energy delivered per square meter per day 2, making solar energy extremely
abundant. It has been the goal of scientists for a number of years to increase the
efficiency of current photovoltaic cells, which convert solar energy directly to electricity.
There are four unavoidable losses3 that limit the solar efficiency of a device with a single
absorption threshold or band gap Eg: (1) incomplete absorption- photons with energy
below Eg are not absorbed; (2) thermalization (carrier cooling)- the excess energy of
carriers generated by absorption of photons with energy greater than Eg is usually lost as
heat; (3) thermodynamic loss- the available energy (Gibbs free energy or chemical
potential) of the thermalized excited states is always less than the internal energy, with
the consequence that the photovoltage or output chemical potential must be less than Eg;
and (4) radiative recombination- a small fraction of the excited states radiatively
recombine with the ground states at maximum power output. The theoretical maximum
power efficiency for a single band gap photovoltaic cell is calculated to be approximately
31%.3 The best commercially available solar panels have an efficiency of about 20%.4,5
1

This efficiency should be higher, and modifications and improvements to the
photovoltaic cells need to be studied and discovered.
Several approaches to increase efficiency have been attempted. One approach is
to stack two or more photovoltaic materials upon each other so that a larger proportion of
the incident radiation is efficiently converted to charge carriers.6 However, these
multilayer devices are expensive and are prone to mechanical failure. An alternative
approach drives the research described in this thesis. Research is on-going to develop
passive systems which will convert longer wavelength radiation (lower energy) to shorter
wavelength (higher energy).7, 8 With such a device, lower energy radiation could be
converted to higher energy photons. Photovoltaic cells utilizing materials with wider
band gaps (shorter wavelengths/ higher energy) would generate greater power outputs
due to the higher energy photon production.
Upconversion is the term used to describe the conversion of longer wavelength
radiation to shorter wavelengths. Upconversion has been demonstrated using pairs of
molecules that have significant overlap of excited state triplet energy manifolds.7
Transfer of energy can occur between the molecules followed by triplet-triplet
annihilation resulting in emission of wavelengths shorter than those used for the
excitation. With this wavelength shifting demonstrated, it is theoretically possible to
apply systems like these to solar technology and increase the efficiency of photovoltaic
cells. Ways need to be developed to look at these upconversion systems that will mimic
solar conditions2 in real world application and be cost effective. It was the goal of this
research to develop a process using the above described conditions.

2

Methods for studying upconversion systems have largely consisted of using lasers
for excitation, but tunable lasers which operate in the visible and IR are expensive. New
methods need to be developed that are less expensive and easily adaptive to the needed
conditions for experiments. The current work focuses on a new technique to look at
upconversion systems based on triplet-triplet annihilation.
1.1

Photovoltaic Cells
In 1954, Chapin, Fuller, and Pearson demonstrated the direct conversion of solar

radiation into electrical energy using a silicon p-n junction photovoltaic cell with an
efficiency of 6%.9 Pure silicon has very low conductivity at room temperature. There is
a band gap of 1.11 eV10 at 300 K between the valence band and the conduction band as
illustrated in Figure 1.1 a. Eg represents the energy needed to free an electron (Figure 1.1
a). If a photon with energy greater than 1.11 eV (for silicon) strikes an electron in the
valence band an electron-hole pair will be created.

3

Figure 1.1

(a) Energy diagram of a semiconductor; (b) energy diagram of a
photovoltaic cell; (c) simple illustration of a photovoltaic cell showing a pn junction and the flow of electron, e-, and current, i.

In undoped silicon, conversion of solar radiation to electrical energy is not very
efficient due to radiative recombination and other factors.11 Radiative recombination
occurs when an electron and a hole recombine with the resultant loss of a photon. The
recombination of the electron-hole pairs can be suppressed by the incorporation of a p-n
junction. A semiconductor that has been doped so that it contains nonbonding electrons
is termed an n-type (negative type) material because electrons are the majority carriers of
charge.12 Holes represent the minority carrier in the n-type semiconductor. A p-type
(positive type) semiconductor is formed when silicon is doped with a Group III element,
which contains 3 valence electrons.12 Holes are introduced when the electrons from the
silicon atoms jump to the vacant orbital associated with the impurity atom, making the
holes the majority carrier and the electrons the minority carrier.

4

When p-type and n-type semiconductors come into contact a p-n junction is
formed that suppresses the radiative recombination of the electron-hole pairs. A
neutralization occurs as the electrons and holes come together at the junction where the ptype and n-type meet. As the holes in the p-type are lost to recombination, a localized
negative charge develops at the junction. Similarly, at the junction in the n-type
semiconductor, a positive charge develops as the electrons are lost to recombination.
This process can be seen in Figure 1.1 c of a simple p-n junction diagram with a load
resistor. A potential barrier is formed and the motion of electrons are inhibited.10 Figure
1.1 b shows an energy-level diagram of a photovoltaic cell.
Radiative recombination was mentioned earlier as one of the four unavoidable
losses that limit the solar efficiency of a photovoltaic cell. With p-n junctions helping
with this loss of efficiency, maybe there are ways to counteract some of the other losses
mentioned above, such as incomplete absorption. Silicon based photovoltaic cells are the
most common used commercially. Photons with wavelengths shorter than ~ 1200 nm are
able to produce the electron-hole pairs for silicon needed for the conversion of solar
radiation to electrical energy. The greatest amount of energy per square meter of radiation
received from the sun is in the visible region of the spectrum (maximized at 500 nm).13
Silicon, the most commonly used material used in photovoltaic cells, can only use
energies with wavelengths 1200 nm or shorter efficiently, as understood from the
discussion of the band gap previously mentioned. Wavelengths shorter than 1200 nm can
still be used, but the excess energy is wasted as heat. With the highest energy per square
meter of radiation received from the sun being centered around 500 nm, if a higher band
gap material were used it would efficiently extract more energy from the visible photons
5

(have higher efficiency for those photons), but would be transparent and unable to use
longer wavelength photons. Therefore, these materials would need to be used in
conjunction with silicon in order to preserve the energy near the IR (1200 nm for silicon)
already being absorbed by silicon. Figure 1.2 shows that a photon which matches the
bandgap (for silicon) is efficiently converted to useable energy. As the photon energy is
increased, minimal extra energy is recovered by the photovoltaic material; additional
energy is primarily lost as heat. The use of wide bandgap material, such as gallium
phosphide (Eg = 2.26 eV; 550 nm) coupled with the upconversion of longer wavelength
photons may lead to higher efficiencies.14
The current work describes a process of upconversion that converts green light (≈
510 nm) to blue light (≈ 420 nm). If the combination of a material with higher power
output for visible radiation were made with silicon, less energy from the shorter
wavelengths (higher energy) would be wasted as heat. Upconversion of longer
wavelengths (but shorter than 1200 nm wavelengths used by silicon) into the visible
region could lead to substantial improvements in the efficiency of a photovoltaic cell.

6

Figure 1.2

1.2

Solar spectrum and the energy usable for a series photovoltaic cells. This
figure is plotted using the data presented by Sark, W. G. J. H. M. v. et al.15
The shaded regions represent the bandgaps and efficiencies for silicon and
gallium phosphide.

Upconversion by Triplet-Triplet Annihilation
Upconversion is a process by which wavelengths of lower energy are converted to

wavelengths of higher energy. A sensitizer and an emitter comprise an upconversion
system. The proposed mechanism for upconversion is depicted in Figure 1.3 and
proceeds as follows: A sensitizer (S) absorbs incident photons (at the excitation
wavelength). Upon absorption of the photon the S is promoted to an excited energy level
(S*s). Intersystem crossing then occurs, where the energy from S*s is transferred to an
excited triplet state (S*t) whose upper vibrational levels overlap with the vibrational
levels of the excited singlet state. Sensitizers are selected so that this is the major
pathway for the energy to take. An emitter (E) molecule is selected so that it will have
near degeneracy of its excited triplet state to the excited triplet state of the sensitizer. The
7

energy from the S*t then transfers to an E molecule upon collision, which stores that
energy in a long-lived state (E*t) before undergoing triplet-triplet annihilation with a
second similarly excited E molecule being promoted to a higher excited singlet state (E*s)
than the energy initially absorbed by the S molecule. This annihilation produces one
molecule in a highly excited singlet electronic state (E*s) and one ground-state singlet E
molecule. Rapid relaxation of the excited singlet generates an “upconverted” photon. A
more detailed discussion of the various processes involved in this proposed mechanism
will appear in the following subsections.


S*s)

1.1

2 (S*s



S*t)

1.2

2 (S*t +



S + E*t)

1.3



E + E*s

1.4



E + hνout

1.5

2(S+
hνin

E
E*t +
E*t
E*s

hνin ˂ hνout
TTA in a bimolecular system is governed by three well-known, well-studied
processes.16 These three processes will be discussed in the following sections:
intersystem crossing within the energy manifold of the sensitizer; energy transfer
between molecules from the resulting sensitizer triplet to the emitter triple; and triplettriplet annihilation of two emitter molecules.
8

1.2.1

Intersystem Crossing
Intersystem crossing (ISC) is the process in which an electronically excited

molecule moves between electronic states of different multiplicity.12 In the upconversion
discussed in this thesis, the sensitizer absorbs a photon (Equation 1.1) and then undergoes
ISC (Equation 1.2). The sensitizer molecule is excited by a single photon to produce a
singlet excited state. Then intersystem crossing occurs, and the crossover occurs from
the singlet state to a triplet state (S1 → T1). Although this breaks the spin selection rule,17
making it spin forbidden, this intersystem crossing still occurs. Molecules containing
heavier atoms (such as ruthenium) have significant spin-orbit coupling, where the orbital
and spin-angular momenta mix, and transfer is allowed between states with the same total
angular momentum. This phenomenon is often called the heavy atom effect. Figure 1.3
depicts the TTA process and ISC of the sensitizer (on the left side of the figure). It
should be noted that the probability of ISC is enhanced when vibrational levels of the
singlet and triplet states having similar energies have significant overlap12, and
sensitizers are chosen that have this distinct characteristic.

9

Figure 1.3

1.2.2

Energy diagram of TTA upconversion process. The dotted lines are the
upconversion pathway.

Transfer of Energy
The third step in the overall TTA process is the transfer of energy from the triplet

sensitizer to a triplet state of the emitter (Equation 1.3). This requires near degeneracy of
the triplet excited energy states of the sensitizer and the emitter. Radiative losses are
spin-forbidden and the lifetime of the triplet sensitizer is relatively long (≈ 100 µs16).
The triplet state of the sensitizer thus serves as an energy reservoir. Collisional transfer
from the sensitizer molecule to an emitter molecule produces an excited triplet state
emitter molecule. The Jablonski diagram (Figure 1.4) shows this transfer in the middle
portion of the figure. It should also be noted that the triplet emitter will also have long
lifetime as radiative decay to its singlet ground state will be spin forbidden (and the
emitters chosen in the present study do not contain any heavy atoms).
10

1.2.3

Triplet-Triplet Annihilation and Upconverted Emission
TTA is the last step in the upconversion process (Equation 1.4). Numerous

excited emitter triplets are produced within the upconversion system. Triplet-triplet
annihilation then occurs between a pair of emitter molecule triplets. Upon collision of
two excited emitter triplets, one emitter it excited to a higher energy singlet state and the
other relaxes down to the ground state (Equation 1.4). Finally, the emitter in the higher
energy singlet state relaxes down to the ground state with the emission of an upconverted
photon (Equation 1.5). Figure 1.4 shows a Jablonski diagram of the TTA upconversion
process by a pair of single photon absorptions.
1.3

Spectrofluorometry for Upconversion
TTA resulting in delayed singlet fluorescence having a higher frequency than that

of the exciting light has been known for quite some time.18 However, the use of
upconversion for the applications to solar technology, organic light emitting diodes, etc.
is a fairly new field of science and most of the work produced thus far has been
accomplished using lasers as the light source for the upconversion experiments.19,20,21 In
this work, it is important to be able to select different wavelengths to excite the
sensitizers. While this could be accomplished using tunable visible and near IR lasers
that solution would be costly and care would be necessary to avoid coherent effects.
Furthermore, upconversion in an energy domain comparable to the terrestrial solar flux,
is desirable. For those reasons this thesis explores the use of a spectrofluorometer as an
excitation and subsequent detection platform for these experiments.

11

1.3.1

Fluorescence and Phosphorescence
Fluorescence and phosphorescence are brought about by the absorption of

photons and together are generally termed photoluminescence.12 The difference between
fluorescence and phosphorescence involves spin state of the molecules. In fluorescence,
an electron in the ground state is excited by the absorption of a photon giving a singlet
excited state. The excited state relaxes by photon emission and there is no change in
multiplicity. The process is spin allowed (ΔS = 0) and fluorescence occurs very quickly
(10-5-10-10 s).12 The phosphorescence emission is much slower and requires 10-4 to 10 s
or more to occur. During this process a change in spin state occurs followed by an
excited triplet state decay to a singlet ground state. This spin-forbidden process has much
longer relaxation times.
There are various deactivation processes that can occur after the excitation of a
molecule. These processes include vibrational relaxation, internal conversion, external
conversion, intersystem crossing, fluorescence, and phosphorescence. Figure 1.4 is a
Jablonski diagram for a typical photoluminescent molecule and all these processes are
shown.

12

Figure 1.4

Jablonski diagram representing processes involved in upconversion.

The strength of absorption feature depends upon the population of the initial state
and the transition dipole moment.22 There are several vibrational levels associated with
electronic energy states. According to the Frank-Condon principle, the most intense
vibronic transition is from the ground vibrational state of the ground electronic state to a
vibrational state in an excited electronic state lying vertically above it. When an electron
is excited the transition intensity is proportional to the square of the magnitude of the
transition dipole moment, and because of this the intensity of an absorption is
proportional to

,

, the Frank-Condon factor.22 Vibrational relaxation typically
13

occurs and the excited molecule relaxes to the lowest vibrational level of the excited
electronic state (without the emission of radiation). The average lifetime of a
vibrationally and electronically excited molecule is very short (10-12 s) and relaxation to
the lowest level of the electronically excited state is very efficient.12 The Jablonski
diagram in Figure 1.4 shows the vibrational relaxation process as curved arrows.
Internal conversion is another deactivation process that occurs without the
emission of radiation. The molecule crosses over to a highly vibrationally excited level
of a lower electronic state and no emission of radiation occurs. Internal conversion
occurs between states with the same multiplicity and it is more efficient when there is
significant overlap between the wavefunction of the two states. Excitation can occur to
an upper vibrational level of S2 in Figure 1.4 and vibrationally relax to the lowest
vibrational level in S2. Then internal conversion can occur to the overlapping vibrational
level in S1. A series of vibrational relaxations moves the molecule to the lower
vibrational level in S1 and internal conversion can bring the molecule to the highest
vibrational level in S0. After a series of vibrational relaxations, the molecule is back in
the ground state. This entire process can be efficient without fluorescence. This internal
conversion process can be seen in the Jablonski diagram, Figure 1.4.
External conversion is a process that involves some interaction and energy
transfer between the excited molecule and the solvent or other solute.12 This is a process
that is crucial to the upconversion process described here. The excited sensitizer collides
with an emitter and there is an energy transfer. The emitter is excited and the sensitizer
returns to the ground state. This process is labeled in Figure 1.4 as the downward pointed
wavy line. This process is not the same as internal conversion, however both relax to the
14

ground state without the emission of radiation, so they are both represented by the
downward pointed wavy line.
ISC is another very important process in the upconversion system that was
discussed previously. ISC involves a crossover between electronic states of different
multiplicity and the probability is enhanced if there is overlap in the vibrational levels of
the two states. The most common process is from a singlet state to a triplet state (S1 →
T1) as seen in Figure 1.4.12 After ISC, if deactivation does not occur through internal or
external conversion phosphorescence can occur. Relaxation of a triplet state by
phosphorescence is a slow process and is also illustrated in Figure 1.4.
Most of the processes involved in photoluminescence make up the upconversion
system. Spectrofluorometers are instruments designed to record fluorescence and
phosphorescence. The sources use lower intensity radiation (intensities lower than lasers)
and are closer to the conditions the sun would provide if the upconversion systems were
applied to solar technology. It is also important to have wavelength selection
capabilities, which the spectrofluorometer provides. Solar radiation is not restricted to
single wavelengths.
1.3.2

Spectrofluorometers
Spectrofluorometers are capable of recording excitation and emission spectra.

Most low-cost spectrofluorometers operate with a continuous light source and the
excitation wavelength is selected by an excitation monochromator that is then directed
onto the sample. Luminescence occurs and is directed to an emission monochromator
placed 90o from the excitation beam. The luminescence wavelengths are directed to the
detector (photomultiplier tube) and the resultant spectrum appears on a computer screen.
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The excitation wavelength is selected by an excitation monochromator and then
light floods the sample in the cell chamber. All monochromators have similar optical
elements. They include: 1) an entrance slit that provides a rectangular optical image, 2) a
collimating lens or mirror (the Fluoromax-4 has a mirror) that produces a parallel beam
of radiation, 3) a prism or grating (the Fluoromax-4 has a grating) that disperses the
radiation into its component wavelengths, 4) a focusing element that reforms the image of
the entrance slit and focuses it on a planar surface called a focal plane, 5) and an exit slit
in the focal plane that isolates the desired spectral band.12 Figure 1.5 is a diagram of a
typical Czerny-Turner monochromator as used in the current instrument.

Figure 1.5

Diagram of a typical Czerny-Turner monochromator used by the
spectrofluorometer for wavelength selection.

The wavelengths from the emission monochromator are directed to the detector, a
photomultiplier tube is used in the spectrofluorometer for this research. This is
positioned 90o from the excitation radiation.
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As with all instruments, the quality of the components that make up the system
effects the quality of the data obtained. This research was designed to use a low-cost
commercial spectrofluorometer and this leads to several limitations which needed to be
addressed. The approaches used to optimize the performance will be discussed in the
following section.
The work described in this thesis represents an attempt to show photon
upconversion based on triplet-triplet annihilation with methods and instrumentation that
come closer to mimicking the conditions of low-intensity incoherent light, such as
sunlight. Most examples of upconversion are associated with the use of coherent light
sources (lasers).7,8,23,24 A Fluoromax-4 spectrofluorometer from Horiba Jobin Yvon
Scientific was used for this research. Spectrofluorometers make it possible to tune the
light used for experiments at lower cost than a tunable laser system. The source used for
most spectrofluorometers is a xenon arc-lamp and it can cover the UV-visible region as
well as into the near IR region. The particular source used in this research is a 150-W
ozone-free xenon arc-lamp. Modifications to the cell chamber and cell holder were made
to the Fluoromax-4 in order to optimize conditions for upconversion. Few other
techniques are found in the literature to use low-intensity incoherent light for
upconversion.25,16
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CHAPTER II
EXPERIMENTAL METHODS

This experimental chapter will provide a description of the instruments and
conditions used for studying the upconversion processes. Two different instrumental
setups were used and each will be described. The first instrumental setup incorporated
lasers and was constructed. The second instrumental setup included the Fluoromax-4
spectrofluorometer from Horiba Jobin Yvon Scientific which was modified to improve its
performance.
2.1

Chemical Reagents and Species Used
Sensitizers: [Ru(dmb)3](PF6)2 and [Ru(deab)3](PF6)2 were synthesized by

Kullatat Suwatpipat.7 4,4′-Dimethyl-2,2′-bipyridine (dmb) and 4,4′-bis(N,Ndiethylamino)-2,2′-bipyridine (deab) are the ligands in the ruthenium complexes. The
dmb was purchased from Sigma-Aldrich and the deab was also synthesized by
Suwatpipat.7 Figure 2.1 gives the structures of the ligands and a simple illustration for
[Ru(L)3]2+.
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Figure 2.1

Structures of the ligands dmb and deab and a simple illustration of
[Ru(L)3)]2+.

Emitters: 9,10-Diphenylanthacene (DPA) and 9,10-bis(phenylethynyl)anthracene
(BPEA) were purchased from Sigma-Aldrich. Figure 2.2 shows the structures of the
emitters.
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Figure 2.2

2.2

Structures of the emitters DPA and BPEA.

Sample Preparation
The solvent used for the upconversion solutions was dichloromethane (CH2Cl2),

as both the emitter and sensitizer are soluble in it. The emitter and sensitizer were
dissolved in the solvent in a volumetric flask at room temperature, about 23oC. The
upconversion solution was then placed in a quartz cuvette with a Teflon stopper to
prevent evaporation of the solvent. It was previously reported that the upconversion
intensity reduced over time after a ruthenium sensitizer was mixed with an emitter7, so
the upconversion solutions were freshly prepared before each experiment. However,
after some trial and testing, it was discovered the intensity of the upconversion was not
reduced if the freshly prepared solutions were stoppered, wrapped in aluminum foil, and
stored in the refrigerator. This revealed the solutions to have a long shelf life when
stored at low temperature and shielded from light. The longest life demonstrated thus far
is 60 days.
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2.3

Light Sources
The first source used was a Melles Griot air-cooled argon ion laser (Model 532-

AP-A01). A prism in the laser was adjusted to select the 514.5 nm line and at this
wavelength the output power could be adjusted between 3 and 24 mW. In some
experiments a longer wavelength laser was used: a Melles Griot helium-neon (Model 05LHP-991) laser which operates at 632.8 nm with a fixed 10 mW output. The third source
used for these experiments was a 1905-OFR 150 W xenon lamp in the
spectrofluorometer. The lamp delivered light from 240 nm to 850 nm for sample
excitation. The power was measured in the cell chamber of the spectrofluorometer from
50 nm excitation to 1150 nm excitation and ranged from 0.010 mW to 1.08 mW,
depending on the wavelength of excitation. Figure 2.3 shows a plot of lamp power
output versus wavelength with a 10-nm bandpass. The power for each of the sources was
measured using an Ophir thermopile head power meter (Model 03A-P-cal). An AN/2
digital display from the same company was connected to the meter.

Figure 2.3

Plot of power as a function of wavelength for the 1905-OFR 150 W xenon
lamp used in the spectrofluorometer with slits adjusted to yield a 10-nm
bandpass.
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2.4

Laser-pumped System
All of the experiments in this thesis used 1-cm fluorescence quartz cuvettes with

Teflon stoppers for the upconversion solutions.
The sources and the power meter for the laser setup are listed above. The same
system was used for both lasers, the only difference between the two being the laser used.
Described below are the other components used for the laser pumped system.
2.4.1

Sample Holder for Laser Excitation
Although similar experiments had been conducted by Suwatpipat7, the sample

holder would not reproducibly position the cuvette when it was removed for cleaning and
refilling. A new cuvette holder was designed and constructed to improve reproducibility.
It consisted of an aluminum bracket (Figure 2.4, Item 1) for the base. Strips of plastic
were mounted to the bracket separated by 1 cm (Figure 2.4, Item 2). In this way, the cell
would be the same distance from the laser during each experimental scan. A third strip of
plastic was attached parallel to the base of the holder using spring-loaded screws (Figure
2.4, Item 3). This held the cell rigidly in place and ensured the laser beam passed through
the liquid solution at a consistent distance from the cell wall during each experimental
run. The base was positioned on top of a post and holder (Figure 2.4, Item 4) that was
secured to two translation stages (Figure 2.4, Item 5) that were controlled by micrometer
heads. This allowed for forward to back and left to right movement of the cell. The
relative position of the beam passing through the cell could be selected and then
consistently maintained using this sample holder design.
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2.4.2

Detector for Laser Excitation
The apparatus for the detection is as follows. A 0.5-mm diameter quartz lens

(Figure 2.4, Item 6) with a 1-cm focal length was positioned to image any upconversion
emission onto the end of a fiber optic cable (Figure 2.4, Item 7). The imaging lens was
arranged to collect emission at 90o from the excitation beam. A holder for the lens and
cable was constructed out of pieces of aluminum (Figure 2.4, Item 8). The holder was
screwed to a system of two vertical translation stages (Figure 2.4, Item 9) so that the lens
and fiber could be moved up and down and forward and back relative to the laser beam
passing through the cuvette. Those stages were attached to a vibrationally damped post
that was mounted on a translation stage (Figure 2.4, Item 10). The post could be moved
left to right. The combination of all three stages allowed full x, y, z motion of the
imaging system relative to the fixed laser beam. The fiber optic cable delivered light to
an Ocean Optics USB 4000-vis/nir spectrometer, equipped with a 25 µm slit and a 3648
element CCD detector.
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Figure 2.4

Diagram of the custom built sample holder and detection apparatus.

The items marked are as follows: 1) base (made out of aluminum bracket); 2) cell place
holder (made out of plastic strips); 3) spring loaded place holder (made out of a plastic
strip and spring loaded screws); 4) post and post holder; 5) translational stages to allow
for x and y movement of the cell holder; 6) 5 mm diameter quartz lens (1-cm focal
length); 7) fiber optic cable; 8) lens holder (made out of aluminum strips); 9) vertical
translation stages to allow for y and z movement of the lens; 10) vibrationally damped
post and translation stage to allow for z movement of the lens.
2.4.3

Software for the Laser Experiments
The detector was controlled by a computer using Ocean Optical SpectraSuite

software. In all experiments the CCD integration time was 1 second.
Figure 2.5 is a diagram of the laser-pumped system. Before a scan, the power of
the laser was measured and adjusted to the desired power. A power meter was positioned
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behind the sample stage in line with the laser to accurately record the laser power. Once
the power was set, the solution was poured into the quartz cuvette and the cell placed on
the sample holder. The shutter on the laser was opened and the beam irradiated the
sample. The emission from the sample was collected by the lens at the end of the fiber
optic cable and was directed to the CCD detector. The emission was then converted to
the spectra shown on the computer by the detector and the SpectraSuite software.

Figure 2.5

2.5

Diagram for the laser-pumped system depicting the alignment of the laser
and the sample cuvette with the detector at 90o from the laser.

Spectrofluorometer Experiments
The spectrofluorometer used during this research was a Floromax-4 from Horiba

Jobin Yvon Scientific. It incorporats a 1905-OFR 150 W xenon lamp as previously
mentioned. The source is continuous and shines on an excitation monochromator for
selection of the wavelength. The light is then directed, using mirrors, to the sample
compartment through a circular opening in the wall of the sample chamber. The sample
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emits luminescence which is directed to an emission monochromator 90o from the
excitation beam that selects a wavelength and directs the light emitted onto a detector.
The signal is converted to the spectrum shown on the computer screen by the detector
and the software FluorEssence. 26
An initial scan was recorded using the spectrofluorometer on a freshly prepared
upconversion solution of 2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA as the emitter.
0.0026 g [Ru(dmb)3]2+ and 0.0690 g of DPA were placed in a 10 mL volumetric flask
which was then diluted to the mark with dichloromethane. This spectrum was compared
to a spectrum obtained using the laser-pumped system with the Melles Griot air-cooled
argon ion laser as the source. The instrumental parameters were selected to be the same
and are as follows: excitation wavelength was 514 nm with a 10-nm bandpass, and the
emission bandpass was 5 nm. The spectra are compared in Figure 2.6.
Upconversion was shown using the spectrofluorometer, an instrument that does
not use high powered coherent light. Emission is shown in Figure 2.6 at shorter
wavelengths (higher energy) than the radiation absorbed by the sensitizer. There was,
however, an obvious difference in the ratio of upconversion to phosphorescence when
comparing the spectra in Figure 2.6 obtained by the two different instruments (a more
detailed analysis of this comparison will be provided in Chapter III).
The dramatic difference in the upconverted output near 420 nm can be attributed
to two related effects: self-absorption of the output emission; and the much lower power
density for the excitation by the Xe-arc lamp. The standard fluorometer illuminates a 1
cm x 1 cm volume inside the cell. Because of this, the majority of the emission output
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has to pass through the upconversion solution and that output is strongly absorbed by
DPA. Figure 2.7 shows the absorption spectrum of 60 mM DPA.
The large excitation volume, due to the excitation beam flooding the entire cell in
the spectrofluorometer, also reduces the photon density in any small region when
compared to laser excitation. The laser’s excitation photons are concentrated into a much
smaller volume (~ 0.5 mm diameter beams) than the spectrofluorometer’s excitation
beam and because upconversion is a non-linear process this has a dramatic effect upon
the efficiency of the upconversion process.
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Emission spectra for the upconversion process of 2.8 x 10-4 M [Ru(dmb)3]2+
and 21 mM DPA mixture. Top: Spectrum using laser-pumped system.

Bottom: Spectrum using the unmodified spectrofluorometer (An expansion of the
upconversion region is shown as an inset).
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Figure 2.7

Absorption profile of 60 mM DPA.

To compensate for these problems a new sample stage was designed for the
spectrofluorometer. An optical telescope was incorporated into the beam line to
concentrate the light into a smaller excitation volume (increasing the power density). The
cell was also placed upon a movable sample stage so that the new excitation beam could
be directed near to the “exit” window of the cell to minimize self-absorption.
In order to determine the correct combination of lenses for the telescope, the focal
length and f-number of the mirror in the spectrofluorometer had to be determined.
Mirrors and lenses all have an f-number associated with them. The f-number is the ratio
of the lens or mirror diameter to the focal length of the optical element.27 The focal point
is the point where waves or rays meet after reflection or refraction.27 This is the point
where the image of the shutter appeared after reflecting off the mirror in the
spectrofluorometer. The f-value for the mirror in the spectrofluorometer had to be
calculated. The distance from the rear wall of the cell chamber to the front of the cell
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holder was measured as 55 mm using a ruler. With this distance measured and the
diagram of the instrument in the operation manual, a proportion was used to calculate the
distance of the image of the shutter from the mirror. Figure 2.8 is a diagram of the mirror
(represented as its equivalent convex lens), shutter, and image with the distances
included. Once the distances of the shutter to the mirror, and the mirror to the image
were known, Equation 2.1, the thin lens equation27, could be used to calculate the focal
length of the mirror (f ≈ 80 mm).

Figure 2.8

Diagram of the mirror and the distances of the shutter and image in the
spectrofluorometer. A biconvex lens is used to represent the mirror.
1 1 1
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2.1

The lenses that made up the telescope had to be selected with considerations of
the focal length of the mirror taken into accounted. A program was found online from
Mount Holyoke College that simulated the behavior of three lenses28. A source was
selected and place on an x-axis in the program. The mirror in the spectrofluorometer was
represented by a convex lens and placed 159.5 mm from the source on the x-axis. Two
other convex lenses were placed in front of the lens representing the mirror. The focal
lengths and distance of the lenses from the mirror was adjusted until the light beam was
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approximately collimated. The limited space available between the rear sample
compartment wall and the front of the cell holder, 55 mm, had to be considered when
selecting the lenses. Figure 2.9 is a diagram illustrating the mirror and lenses selected as
they appeared in the program, and includes the focal lengths of the lenses and their
relative positions.

Figure 2.9

Diagram of the mirror (represented by a lens) and selected lenses as they
appeared in the lens program from Mount Holyoke College28.

After determining the focal lengths needed for the telescope lenses using the
computer program, the design of the new sample stage was determined. Measurements
of the sample chamber were made and a sketch drawn to scale was made of the new
sample holder and the telescope in place. There was only 55 mm from the wall of the
cell chamber to the front of the cell holder and the height of the beam from the bottom of
the sample chamber was measured at 85 mm. Therefore, careful considerations were
needed in the design of the new sample holder.
The telescope and the sample stage were placed on a slide rail (Figure 2.10) to
allow adjustment of the lenses. The sample stage was a translation stage moveable via a
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micrometer head on top of a post and holder (Figure 2.10). This allowed for the light
beam to pass through the edge of the cell by adjusting the cell position. An aluminum
bracket was bolted to the stage to allow the cell to be placed in the same position for
scans. The diameter of the 75 mm focal length fused silica lens was selected to be 12.7
mm and was purchased from JML Optical Industries, LLC. The 9 mm focal length fused
silica lens had a diameter of 6 mm and was purchased from Edmund Optics Inc. The post
holders, posts, slide rail, and lens holders were purchased from Newport Corporation and
Thorlabs, Inc.
Once the sample stage and telescope were assembled, the components were
placed on an optical table top to adjust the lenses the correct distance apart. A lens with f
= 80 mm was used to represent the mirror in the spectrofluorometer. It was placed in line
with the telescope and a desk lamp was used to illuminate the 80 mm lens. A piece of
cardboard was placed in front of the lamp with a small square cut in the center to mimic
the shutter in the spectrofluorometer. The letters on the light bulb were used as the
projected image. The lenses of the telescope were adjusted on the slide rail until the
image of the letters on the light bulb were able to be seen clearly on a sheet of paper that
was placed on the opposite side of the telescope with respect to the lamp. The paper was
moved closer and further away from the telescope to determine the length over which the
light beam remained collimated. Once the image remained focused on the paper when it
was moved, the light rays were parallel and focused in a beam. The lenses were secured
in that position and bolted to the bottom of the sample chamber. The cell stage was
placed 55 mm from the rear wall of the sample chamber and the lenses were adjusted to a
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height of 85 mm from the bottom of the sample chamber. Figure 2.10 shows a diagram
and a photographic image of the telescope and sample stage.

Figure 2.10

Diagram of the sample stage and telescope constructed for the
spectrofluorometer. The picture is the actual telescope and cell holder that
was constructed.

Before inserting the new sample stage into the spectrofluorometer, the excitation
monochromator and emission monochromator calibration had to be checked with deionized water before each day’s use. The original sample stage was used for this
calibration. The constructed sample stage was inserted after the calibration check. The
upconversion solution was either taken from the fridge and allowed to warm to room
temperature, or prepared fresh, depending on the upconversion solution being used or if
there was previously prepared upconversion solution available. The upconversion
solution would then be pipetted in the quartz cell, stoppered, and placed on the sample
stage. Parameters for the excitation and emission for the instrument were selected and
the spectrum was collected.
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Initially, a solution of 2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA in
dichloromethane was used for the upconversion solution. This was chosen because it had
previously been shown to produce strong upconversion with the laser-pumped system
(converting 514 nm light to about 428 nm light).7 The excitation wave length was
initially set at 514 nm, and then changed to 475 nm (λmax for the sensitizer). The position
of the cell was adjusted and spectra were obtained until the optimal position was found.
Next, the slit width for the excitation was adjusted and spectra were obtained until
optimization was acquired. This was repeated for the emission slit width. It was found
that the optimal excitation bandpass for the upconversion experiments was 10 nm and the
optimal emission bandpass was 5 nm. Next, the integration time was tested for
optimization. The times selected for testing was 0.1, 1, and 10 seconds. It was
determined that 1 second integration was the optimal time.
Later experiments showed 2nd order interference in the upconversion region of the
spectra, therefore filters had to be incorporated into the spectrofluorometer. The 2nd order
interference will be discussed in the next chapter. A filter holder was constructed which
would completely cover the entrance aperture for the detection section of the
spectrofluorometer. The cell chamber in the spectrofluorometer has a hole in the wall
where the excitation beam passes into the chamber. A small section of PVC pipe was cut
to fit into the hole and an aluminum filter holder was cut and glued to fit and remain
inside the PVC pipe. A lip on the edge of the pipe stopped the filter holder from falling
into the instrument. The filters were purchased from Newport Corporation and were 400
nm, 450 nm, and 500 nm long-pass filters. Long-pass filters block out all wavelengths
below the wavelengths they are designated for and allow the longer wavelengths to pass.
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2.6

UV-VIS Spectrometer
A Shimadzu UV-2250 UV-VIS spectrophotometer was used during this research.

The source for the instrument is a halogen lamp for the visible region and a deuterium
lamp for the UV region. A blank spectrum is run using the UVProbe software to subtract
out background noise. The parameters for the scan are then selected using the UVProbe
software on the computer. A sample cell with the solution under study is placed in the
sample holder in the cell compartment and a reference cell containing the solvent is
placed in the reference holder in the cell chamber. This will subtract out the absorbance
of the solvent in the spectrum. The light emitted from the light source is reflected by
mirrors and directed to the monochromator for excitation wavelength selection. The
beam then passes through the exit slit and is focused on the cell in the cell compartment.
The beam then passed through a chopper and the sample beam and reference beam are
chopped. They are then converted to the signal that appears on the computer screen by
the detector and the software UVProbe.29
The UV-VIS spectrophotometer was used to check the filtering wavelengths of
the filters purchased from Newport and the absorption profile of each are shown in Figure
2.11. The spectrophotometer was also used to determine the ideal absorption
wavelengths of the upconversion samples in order to select the best excitation
wavelengths to use with the spectrofluorometer.
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Figure 2.11

Absorption of long pass filters purchased from Newport: top is 400 nm,
middle is 450 nm, and bottom is 500 nm.
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CHAPTER III
RESULTS AND DISCUSSION

This chapter will consider data from the laser and spectrofluorometer
experiments. The data from the laser experiments are consistent with those generated by
Kullatat Suwatpipat’s7 research with some minor adjustments. Some of the experiments
performed with the spectrofluorometer incorporate the same species previously shown to
produce upconversion results. These systems were the initial targets for this research
because they are now well quantified and these are reliable indicators of the effectiveness
of a low-power, multiple wavelength, and incoherent light source for upconversion
studies.
3.1

Laser-Pumped Upconversion Results
The first objective of this research was to confirm the results of upconversion

using [Ru(dmb)3]2+ as the sensitizer and DPA as the emitter that was demonstrated by
Suwatpipat.7 The sample stage from that research had some reproducibility issues7, so a
new sample stage was designed and constructed (see experimental section for details on
the sample stage). The goal was to have the sample cell placed in the same position each
time new solution was added. This would make the upconversion conditions the same
for different scans with the instrument. Figure 3.1 shows the spectrum of a scan of 2.8 x
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10-4 M [Ru(dmb)3]2+ and 21 mM DPA in dichloromethane obtained from the laserpumped system.

Figure 3.1

Emission spectrum of 2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA using
the laser-pumped system and SpectraSuite software. The excitation for the
laser was 514 nm.

The upconversion can be seen in the region between 400 and 500 nm. Any
emission generated at shorter wavelengths (higher energy) than the excitation radiation
represents upconversion. (This is confirmed by experiments with the spectrofluorometer.
The excitation wavelength was varied and the upconversion peak remained in the same
location, thereby supporting that this is in fact upconversion and not Raman scattering.)
The spike near 514 nm is scattered light from the excitation laser. This sample shows a
small amount of phosphorescence in the region between 570 nm and 680 nm.
The spectrum shown in Figure 3.1 is consistent with those recorded by
Suwatpipat. The new sample stage proved to be effective in allowing the adjustment of
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the cuvette so the position of the beam could be changed in order to optimize the
upconversion shown in the spectrum. The results from these initial experiments were
saved for comparison to results obtained using the spectrofluorometer.
3.2

Spectrofluorometer Upconversion Results
There were multiple upconversion systems studied using the spectrofluorometer,

as well as multiple issues discovered throughout these experiments. This section is
divided into subsections based on the upconversion system being studied; the issues that
arose and the techniques used to address them are discussed in each appropriate
subsection.
3.2.1

[Ru(dmb)3]2+ and DPA
The first system studied with the spectrofluorometer was 2.8 x 10-4 M

[Ru(dmb)3]2+ as the photosensitizer and 21 mM DPA as the emitter with
dichloromethane as solvent. This system is known to show upconversion7 using the
laser-pumped system previously mentioned. The absorption spectrum30 of [Ru(dmb)3]2+
reveals a maximum absorption at 475 nm, and the excitation wavelength using the argon
ion laser was 514 nm. Therefore, 475 nm and 514 nm excitation wavelengths were used
for the initial spectra obtained using the spectrofluorometer.
The slit width for the excitation, for both 514 nm and 475 nm excitations, was
chosen to deliver a 10 nm bandpass. The emission for the experiment was recorded
between 375 nm and 800 nm with a 5 nm bandpass. Figure 3.2 shows the spectra
obtained for both excitation wavelengths and the spectra obtained using the laser-pumped
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system and SpectraSuite software for the same solution as a comparison. As can be seen
from Figure 3.2, upconversion was observed using the spectrofluorometer.
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Figure 3.2

Emission spectra of 2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA. From top
to bottom: spectrofluorometer data (514 nm excitation);
spectrofluorometer data (475 nm excitation); 514 nm laser excitation data.
The insets are expansions of the upconversion region.
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The spectra generated by the unmodified spectrofluorometer system show a
smaller ratio of upconversion to phosphorescence and this ratio of the upconversion to
phosphorescence is lower by many orders of magnitude.
Two related factors were proposed to explain the much lower ratio of
upconversion to phosphorescence. The unmodified spectrofluorometer uniformly
illuminates a 1 cm x 1 cm portion of the cell. Phosphorescence is a linear process (one
incident photon can generate one output photon) whereas upconversion is expected to be
quadratic (two photons are required to generate one output photon). A lower power
density will cause the intensity of phosphorescence to be higher than upconversion. A
second related factor is self-absorption. Upconverted photons located away from the exit
face of the cell must travel through the solution to reach the detector. One component of
the solution (DPA) absorbs light in the wavelength range of the upconversion, reducing
the upconverted signal seen by the detector. A new sample stage and optical telescope
was designed to minimize both effects. A telescope and translation stage was included in
the design and the description of the components used and the construction of the sample
stage can be found in the experimental section. Figure 3.3 is a spectrum of 2.8 x 10-4 M
[Ru(dmb)3]2+ and 21 mM DPA using the constructed sample stage and telescope in the
spectrofluorometer.

42

Figure 3.3

Emission spectrum of 2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA with
475 nm excitation and 10 nm bandpass recorded with the modified sample
stage and telescope. Emission was measured from 375 nm to 800 nm with
a 5 nm bandpass.

The intensity of the upconversion when compared to the intensity of the
phosphorescence was greater in the spectrum with the telescope and translation stage for
the cell holder incorporated in the spectrofluorometer, as shown in Figure 3.3. With
these results being improved, an experiment was performed to optimize the slit width for
the excitation and emission in the spectrofluorometer. The best results (maximum
upconversion/phosphorescence) were obtained with a 10 nm bandpass for the excitation
and 5 nm bandpass for the emission. All further spectrofluorometer upconversion studies
mentioned in this thesis used this redesigned sample stage and optical telescope.
Suwatpipat’s earlier studies suggested a limited shelf life for the upconversion
solution, although no detailed studies were performed at that time. In that earlier work
solutions were prepared on the day the experiment was to be performed, and were never
used more than 24 hours after preparation. The data shown in Figure 3.3 were recorded
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using a freshly prepared solution. After the spectra were acquired for the determination
of the optimization of the slit widths, the remaining upconversion solution was wrapped
in aluminum foil and stored in a refrigerator. After 48 days the sample was taken out of
the refrigerator and allowed to warm to room temperature. A spectrum was recorded
with the same parameters as Figure 3.3 and is shown in Figure 3.4. This shows that with
proper storage of a freshly prepared upconversion solution, upconversion can still be seen
weeks after it was prepared.

Figure 3.4

Emission spectrum of 2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA prepared
48 days earlier with 475 nm excitation and 10 nm bandpass. Emission
recorded with a 5 nm bandpass.

Noise is associated with instruments and is made up of extraneous data that is
unwanted because it degrades the accuracy and precision of an analysis and also places a
lower limit on the amount of analyte that can be detected.12 The signal-to-noise ratio can
be used to help with the comparison of data. The signal is the mean of the measurements
of the intensity at the top of the upconversion peak centered around 420 nm and the noise
44

used here is peak to peak noise, obtained by subtracting the maximum and minimum in a
region of the spectrum that does not contain signal from the species of interest (between
375 and 385 nm). The signal-to-noise ratio taken from the spectrum in Figure 3.3 was
calculated to be 12.1. The same signal-to-noise ratio for the spectrum in Figure 3.4 was
also calculated to be 12.1. The storage technique was successful as can be demonstrated
by these calculations. The upconversion was still observed after a long storage period of
the solution, as is shown in Figure 3.4.
After determining the solution could be stored for a few months, the optimization
of the integration time needed to be determined and the same solution used to obtain the
spectrum in Figures 3.3 and 3.4 was used. Integration times of 0.1, 1.0, and 10 seconds
were used, with all other instrumental variables remaining the same. Table 3.1 shows the
signal-to-noise ratio of the data from the different integration times. It was decided that
an integration time of 1 second was sufficient given the time it took for the scans using
the different integration times.
Table 3.1

Signal-to-noise Ratio at Different Integration Times of Data Obtained from
the Spectrofluorometer
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These initial optimization experiments were performed to determine the
conditions for all future studies: a 10 nm excitation bandpass, a 5 nm emission bandpass
and a 1 s detector integration time.
3.2.2

[Ru(deab)3]2+ and DPA
The next system studied with the modified spectrofluorometer was 2.1 x 10-4 M

[Ru(deab)3]2+ as the photosensitizer and 60 mM DPA as the emitter with dichloromethane
as the solvent. This system was known to show upconversion when excited with a longer
wavelength (632.8 nm) He-Ne laser. However, the upconversion efficiency was very
low. The He-Ne laser is not strongly absorbed by the [Ru(deab)3]2+.

A UV-vis

spectrum of [Ru(deab)3]2+ taken with the Shimadzu UV-2250 UV-VIS
spectrophotometer shown in Figure 3.5. It shows the low absorptivity at the He-Ne
wavelength, but does suggest that the upconversion could be generated by excitation over
a range of wavelengths.

Figure 3.5

Absorption spectrum of 2.1 x 10-4 M [Ru(deab)3]2+.
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A series of experiments was performed using the Horiba Fluoromax-4
spectrofluorometer to determine the best excitation wavelength for the upconversion
experiments. The integration time was set at 1 second with emission range of 375 – 850
nm and 5 nm bandpass. The excitation slit width was adjusted to provide a 10 nm
bandpass and spectra were collected starting with the excitation wavelength at 700 nm
(where no absorption was expected) and decreased in increments of 50 nm to 500 nm.
This experiment was repeated with a 10 second integration time. Figure 3.6 shows the
spectra collected at 700 nm and 500 nm with 1 second integration time.

Figure 3.6

Emission spectra of 2.1 x 10-4 M [Ru(deab)3]2+ and 60 mM DPA with 1
second integration time, 5 nm emission bandpass, and 10 nm excitation
bandpass. Top: 700 nm excitation. Bottom: 500 nm excitation.
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The absorption spectrum showed zero absorbance at 700 nm, but the
spectrofluorometer spectrum of the 2.1 x 10-4 M [Ru(deab)3]2+ and 60 mM DPA solution
appears to show upconversion. The concentration of [Ru(deab)3]2+ was changed to 1.05
x 10-4 M in order to determine if the upconversion solution was too concentrated with the
sensitizer and the spectrum appears in Figure 3.7. Also, an absorption spectrum of the
two component upconversion solution taken with the Shimadzu UV-2250 UV-VIS
spectrophotometer was acquired to see if another absorber (e.g. an aggregate) could be
responsible for the signal. That spectrum is shown in Figure 3.8, and like the spectrum in
Figure 3.5 shows zero absorbance at 700 nm.

Figure 3.7

Emission spectrum of 1.05 x 10-4 M [Ru(deab)3]2+ and 60 mM DPA with 1
second integration time, emission with 5 nm bandpass, and 700 nm
excitation (10 nm bandpass).
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Absorption profile of 1.05 x 10-4 M [Ru(deab)3]2+ and 60 mM DPA.
Bottom: A vertical expansion of the long wavelength region.

With concentration effects ruled out as the cause for the signal in the
upconversion region, other instrument deficiencies were considered. The Horiba
Fluoromax-4 spectrofluorometer uses a monochromator for the selection of the excitation
wavelengths. The monochromator has a reflection grating and the dispersion of
wavelengths result from diffraction. The diffraction grating consists of a glass or ceramic
plate into which fine groves have been cut and covered with a reflective aluminium
coating. Interference between waves reflected from the gratings surface occurs and
constructive interference occurs when n  d (sin   sin ) where n = 1, 2, … is the
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diffraction order, λ is the wavelength of diffracted radiation, d is the distance between
grooves, θ is the angle of incidence of the beam, and ф is the angle of emergence of the
beam (Figure 3.9).22 For given values of n and θ, larger differences in ф are observed for
different wavelengths when d is similar to the wavelength of radiation being analyzed.22
Equation 3.1 is Bragg’s law that states when the path length difference is an integer
number of wavelengths, the reflected waves are in phase and interfere constructively.
3.1
That could account for the appearance of the upconversion when the excitation
was set to 700 nm for the [Ru(deab)3]2+ and DPA solution. The 2nd and 3rd order effects
could be responsible for false upconversion in the spectra.

Figure 3.9

Visualization of diffraction grating surface.

The Bragg equation shows that when the grating is set at the appropriate angle to
transmit 700 nm light through the excitation monochromator it will also transmit 350 nm
light (as a 2nd-order diffraction). In theory it could also transmit 3rd-order 233 nm
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radiation, but this wavelength, if present, would be absorbed by air. Second-order 350
nm radiation will cause direct fluorescence from DPA and would explain the peaks
centered at 425 nm.
To confirm this hypothesis, a 400 nm long pass filter (Part number: 10LWF-400B) was ordered from Newport. Long pass filters transmit wavelengths greater than the
specific wavelength and block any radiation with shorter wavelength (higher energy). As
described in the methods section, a filter holder was constructed and positioned inside the
exit aperture of the excitation monochromator. This ensured that all wavelengths shorter
than 400 nm would be blocked. The power experiment previously discussed in the
methods section was repeated with the 400 nm filter in place to get more precise power
measurements for the source. Figure 3.10 is the graph showing the power of the 1905OFR 150 W xenon lamp used in the spectrofluorometer with the 400 nm long pass filter
in place. Comparison with Figure 2.3 shows only minor differences in the region studied.
This suggests that the amount of 2nd-order radiation present in the 1st-order 400-800 nm
region is low, but any direct excitation of the DPA is problematic and a filter must be
used.
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Figure 3.10

3.2.3

Plot of power as a function of wavelength for the 1905-OFR 150 W xenon
lamp used in the spectrofluorometer with the incorporation of the 400 nm
long pass filter.

[Ru(dmb)3]2+ and DPA with Filters
With the 400 nm filter in place and the possibility of the higher-order effects

being cut out, the previous data for the [Ru(dmb)3]2+ and DPA needed to be considered to
determine if higher-order effects were showing up in the upconversion results. 2.7 mg of
[Ru(dmb)3]2+ and 69.4 mg of DPA were transferred into a 10 mL volumetric flask. The
flask was diluted to the mark with dichloromethane to obtain a 2.8 x 10-4 M [Ru(dmb)3]2+
and 21 mM DPA solution. The experiments previously discussed were repeated. The
emission was recorded between 375 nm and 850 nm with a 5 nm bandpass. The
integration time was 1 second. The first excitation wavelength was 514 nm, the same as
the excitation wavelength of the Melles Griot air-cooled argon ion laser, and the second
excitation wavelength was 475 nm. The excitation bandpass was 10 nm at first. These
spectra are shown in Figure 3.11. After the spectra were obtained the solution was
wrapped in aluminum foil and stored in a refrigerator for later use.
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Figure 3.11

Emission spectra of 2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA with a 5
nm bandpass, integration time of 1 second, excitation bandpass of 10 nm,
and a 400 nm excitation filter. Top: 514 nm excitation. Bottom: 475 nm
excitation. The insets are expansions of the upconversion regions.

The upconversion for the 2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA solution
was still present, as seen in Figure 3.11. To further validate this result the power
dependence of the upconversion was checked. There should be a square dependence for
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the upconversion and its phosphorescence should have a linear dependence. An
experiment was performed that incorporated the 400 nm filter and the slit width of the
excitation was varied. Spectra were obtained with the emission recorded between 375
nm and 850 nm with a 5 nm bandpass and 1 second integration time, and the excitation
wavelengths of 514 nm and 475 nm. The excitation slit widths were adjusted to provide
10 nm, 20 nm, and 29.4 nm bandpasses. The wider slits delivered higher power into the
upconversion solutions. Experiments were performed with the same parameters on three
different dates. The data were analyzed by measuring the areas under three regions in
each spectrum. The upconversion (U), the phosphorescence (P), and the scattered
excitation beam (S). Three ratios were calculated for each spectrum U/P, U/S, and P/S.
Table 3.2 includes the data for the 475 nm excitation experiments for the data from
Figure 3.11 as well as the data from two previous experiments. Table 3.3 compares data
recorded on the same day with 475 nm and 514 nm excitation (Figure 3.11).
Although the data are noisy and show considerable scatter, it is clear that the P/S
ratios remain approximately constant as the power (S) increases (as the slit width is
increased). In contrast the U/S and U/P ratios increase dramatically as S increases. This
indicates that the phosphorescence scales linearly with the excitation power whereas the
upconversion is non-linear.
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Table 3.2

Ratios of upconversion/ phosphorescence, upconversion/ scatteredexcitation, and phosphorescence/ scattered-excitation for experiments with
475 nm excitation.

Ratio 10 nm Ratio 20 nm Ratio 29.4 nm
Slit
Slit
Slit
3/22/2012*
U/P
0.10
0.20
0.37
5/9/2012**
0.13
0.22
0.36
6/7/2012
0.071
0.30
0.42
3/22/2012*
U/S
0.011
0.023
0.055
5/9/2012**
0.019
0.050
0.10
6/7/2012
0.016
0.068
0.085
3/22/2012*
P/S
0.11
0.11
0.15
5/9/2012**
0.15
0.23
0.29
6/7/2012
0.23
0.23
0.20
* The data from 3/22/2012 was obtained on a fresh sample with an integration time of 0.1
s.
** The data from 5/9/2012 was obtained on the sample prepared on 3/22/2012 that had
been stored in the fridge with an integration time of 1 s.
Date

Table 3.3

Ratio Type

Ratios of upconversion/phosphorescence, upconversion/scattered-excitation,
and phosphorescence/scattered-excitation with 475 nm and 514 nm
excitation.

Date

Ratio Type

6/7/2012

U/P 514 nm
U/P 475 nm
U/S 514 nm
U/S 475 nm
P/S 514 nm
P/S 475 nm

6/7/2012
6/7/2012

Ratio
Ratio
Ratio
(10 nm slit) (20 nm slit) (29.4 nm slit)
0.0061
0.17
0.27
0.071
0.30
0.42
0.00030
0.011
0.023
0.016
0.068
0.085
0.053
0.068
0.084
0.23
0.23
0.20

All real filters have a finite range of wavelengths over which they transition from
completely transmitting a signal to completely blocking a signal. The cut-on wavelength
for this filter (λc = 400 ± 5 nm) is defined as the wavelength where 50% of the incident
radiation is transmitted (or blocked). The manufacturer specifies 0.1% transmission at
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0.85 λc (340 nm), but the absorption profile of the filter shows better performance than
this. To check the performance in our system a series of experiments were performed on
the same 2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA solution that varied the excitation
wavelength. The solution was removed from the refrigerator and allowed to equilibrate
to room temperature. The filter was incorporated and the excitation was varied starting at
500 nm and increased by increments of 50 nm until 950 nm was reached. The emission
was recorded between 375 nm and 850 nm using a 5 nm bandpass and a 1 second
integration time. In one set of experiments the excitation bandpass was 10 nm and
another set of experiments the excitation bandpass was 15 nm. The larger slit width was
used to increase the excitation power. Figure 3.12 shows the spectra at 850 nm with
excitation bandpass of 10 nm and 15 nm. As can be seen, higher-order radiation was
present and was directly exciting the DPA. Figure 3.13 shows the spectra at 750 nm with
10 nm and 15 nm bandpasses. The higher-order effects are blocked by the filter. This
suggests that the 400 nm filter is effective in suppressing radiation with center
wavelengths shorter than 375 nm.
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Figure 3.12

Emission spectra of 2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA with 850
nm excitation, a 5 nm emission bandpass, integration time of 1 second, and
a 400 nm excitation filter. Top: 10 nm excitation bandpass. Bottom: 15
nm excitation bandpass.
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Figure 3.13

Emission spectra of 2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA with a 5
nm emission bandpass, integration time of 1 second, and a 400 nm
excitation filter. Top: 10 nm excitation bandpass. Bottom: 15 nm
excitation bandpass.
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In Figure 3.13 the excitation had significant power at 760 nm, and hence, in the
absence of the filter, would transmit 380 nm radiation. No direct fluorescence was
detected and hence the cutoff for this filter occurs somewhere between 380 and 400 nm.
Further conformation is provided in Figure 3.14. It shows similar spectra for the
upconversion solution recorded with nominal 475 nm and 950 nm excitation (29.4 nm
emission bandpass). The spectra are very similar. In both cases the signals arise from
475 nm excitation: directly in the 475 nm example and by 2nd-order 475 nm excitation in
the “950 nm” case. Scattered 475 nm radiation is present as a large spike in both cases.
A much smaller amount of direct 950 nm radiation scattering is observed in the lower
figure.

59

Figure 3.14

Emission spectra of 2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA with a 5
nm emission bandpass, integration time of 1 second, 29.4 nm excitation
bandpass, and a 400 nm excitation filter. Top: 475 nm excitation. Bottom:
950 nm excitation.

Upon reviewing the data obtained by the experiments incorporating a 400 nm
filter, two additional filters were purchased to ensure that higher-order transmissions
could be blocked over the full operating range of the instrument. If excitation was
selected at wavelengths above 750 nm, the upconversion region would be corrupted with
higher order effects. 450 nm and 500 nm long pass filters were ordered from Newport
Corporation (Part numbers: 10LWF-450-B and 10LWF-500-B, respectively).
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An experiment was designed and performed on the 2.8 x 10-4 M [Ru(dmb)3]2+ and
21 mM DPA previously used in the experiments from Figures 3.11, 3.12, 3.13, and 3.14.
The solution had been stored in a refrigerator and wrapped in aluminum foil to prevent
degradation of the solution. The 400 nm filter was removed from the constructed filter
holder and replaced by the 450 nm filter. The excitation wavelength was initially at 750
nm and increased by increments of 50 nm to 950 nm. The emission was recorded
between 375 nm and 850 nm with a 5 nm bandpass and an integration time of 1 second
were employed. The excitation bandpass of 10, 15, 20, 25, and 29.4 nm were employed
at each excitation wavelength. This entire experiment was repeated with the 500 nm
filter replacing the 450 nm filter. The 450 nm filter should cut out the higher-order
effects at 900 nm and below. However, as shown in Figure 3.15, a small peak appeared
at 430 nm when the excitation was set to 850 nm. Similar results were found with the
incorporation of the 500 nm filter. These results suggest the 0.1% cutoff was occurring
more than 20 nm from the nominal cut-on wavelength and so a conservative 50 nm
adjustment was assumed for future experiments.
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Emission spectra of 2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA with
incorporation of the 450 nm filter. Emission recorded with a 5 nm emission
bandpass, integration time of 1 second, and 850 nm excitation with 29.4 nm
excitation bandpass.

[Ru(deab)3]2+and BPEA with Filters
[Ru(deab)3]2+ was chosen as the next photosensitizer with BPEA as the emitter.

The pairing of these two was chosen for two reasons. The first is because they have not
been reported in the literature to produce upconversion. The second reason was to
attempt to move the upconversion process to lower energy (longer wavelength). Above,
an energy conversion from 475 nm (2.11 x 104 cm-1) to 425 nm (2.35 x 104 cm-1) was
possible with the [Ru(dmb)3]2+ and DPA photosensitizer/emitter pair. The goal was to
increase the energy conversion by going from a longer wavelength of excitation (~ 700
nm) to produce output near 500 nm.
The concentrations were 2.8 x 10-4 M [Ru(deab)3]2+ and 8.75 mM BPEA. 0.0036
g of [Ru(deab)3]2+ and 0.0331 g of BPEA was transferred into a 10 mL volumetric flask
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and diluted to the mark with dichloromethane. The absorption profile of [Ru(deab)3]2+
(Figure 3.16) revealed an absorption threshold near 700 nm with a gradual increase in
absorptivity as the wavelength decreased from that value.

Figure 3.16

Absorption profile of 2.8 x 10-4 M [Ru(deab)3]2+. Inset is magnified long
wavelength region.

An experiment was designed to examine upconversion as a function of excitation
wavelength. A 400 nm filter was selected to be used with these experiments to ensure
that second order radiation would be blocked. The excitation wavelengths were 530, 550,
600, 650, 700, and 750 nm with a 10 nm bandpass. The emission was recorded between
375 and 850 nm with a 5 nm emission bandpass and a 1 second integration time. Signals
were relatively weak and not appearing on the same scale due to noise, so a simple
baseline correction was applied to the data on a point by point basis for each spectrum so
that the data could be compared. The average of the intensities of the first ten spectral
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points (a region without any spectral signals) was set as y1, and x1 was chosen to be the
average wavelength of those points (379 nm). The average of the last ten spectral points
(y2) was also calculated and the average wavelength (x2) was 845 nm. A straight line
could be drawn through these two (x,y) pairs and the resultant background signal yn could
be calculated for each point in the spectrum. yn was then subtracted from each spectral
point in order to get the spectra on the same scale for comparison. All of the spectra
collected at the various excitation wavelengths displayed in Figure 3.17 were corrected in
this way.
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Figure 3.17

Emission spectra of 2.8 x 10-4 [Ru(deab)3]2+ and 8.75 mM BPEA solution
with incorporation of the 400 nm filter. Emission recorded with a 5 nm
bandpass, integration time of 1 second.

Each spectrum is labeled as the excitation wavelength selected and the excitation
bandpass was set at 10 nm.

Upconversion was seen with output between 450 – 546 nm (Figure 3.17) with the
400 nm filter in place. The spectra produced by 700 and 750 nm excitation also appear to
show upconversion with similar efficiency. This was unexpected, because the absorption
spectrum of [Ru(deab)3]2+, Figure 3.16, revealed minimal absorbance at 700 nm and
above. The experiment used to obtain the spectra in Figure 3.17 was repeated with the
500 nm long pass filter in place to reconfirm the upconversion seen at 450 – 546 nm.
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Figure 3.18 shows a close up view of the spectra obtained using the 500 nm long pass
filter. The parameters were the same as those previously mentioned for the spectra in
Figure 3.17. The same baseline correction was performed on these data and the
corrected spectra are shown in Figure 3.18. In Figure 3.18 the data are offset vertically
by 200 intensity units to give a stacked appearance in order to see the upconversion
region of 478 – 546 nm more clearly. The spectra excited at 530 and 550 nm are much
stronger and it was unnecessary to offset the spectra to see the data clearly.
In Figure 3.17 the upconversion output is resolved into two peaks when the 400
nm filter was used. This first peak, appearing in the region between 450 and 478 nm was
not seen when the 500 nm filter was used (Figure 3.18). The second peak with λmax =
502 nm was present in all cases.
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Figure 3.18

Emission spectra of 2.8 x 10-4 [Ru(deab)3]2+ and 8.75 mM BPEA solution
with incorporation of the 500 nm filter.

Emission recorded with a 5 nm bandpass and an integration time of 1 second. Each
spectrum is labeled with the excitation wavelength used and the excitation bandpass was
set at 10 nm.
The near constancy of the signals observed between 478 - 546 nm strongly
suggest direct excitation of the BPEA by the spectrofluorometer rather than the indirect
upconversion process. To test this, a solution of 2.12 x 10-5 M BPEA was prepared in
dichloromethane. The absorption spectrum was recorded with the Shimadzu UV-2250
UV-VIS spectrophotometer (Figure3.19). If wavelengths from the spectrofluorometer
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shorter than 489 nm are illuminating the upconversion solution then direct excitation of
BPEA is certainly possible, as can be realized from Figure 3.19.

Figure 3.19

Absorption spectrum of 2.12 x 10-5 M BPEA.

To further test this possibility, emission spectra of the BPEA solution were
recorded with, and without, the 400 and 500 nm long-pass filters. The solution of BPEA
used to obtain the absorption spectrum in Figure 3.19 was diluted 1000 fold to produce a
solution with a concentration of 2.12 x 10-8 M. The emission spectra of the solution were
collected with no filter, the 400 nm long-pass filter, and the 500 nm long-pass filter
(Figure 3.20). The excitation was 438 nm with a 5 nm bandpass and the emission was
recorded with a 5 nm bandpass. The integration time for each experiment was 2 seconds.
An ideal spectrofluorometer should produce strong fluorescence when BPEA is pumped
at 438 nm, and should generate a very similar spectrum when a 400 nm long-pass filter is
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incorporated. If a 500 nm long-pass filter is used it should totally block the exciting
beam and the fluorescence should fall to zero.

Figure 3.20

Emission spectra of 2.12 x 10-8 M BPEA.

The excitation was 438 nm with a 5 nm bandpass and the emission with 5 nm bandpass
and integration time of 2 seconds. Each spectrum is labeled with the excitation filter
used.
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The spectra with no filter and with the 400 nm long-pass filter are essentially
identical, as expected. The 500 nm filter does greatly reduce the fluorescence (by a
factor of ~ 1000) but does not totally eliminate it. It also modifies the fluorescence
output. There is a single peak centered at 502 nm, which is the same observation that
appears in the spectra in Figure 3.18 of the upconversion solution.
The 500 nm filter has an absorbance of ~ 4.5 at 438 nm and should produce a
much larger reduction in signal than when the 400 nm filter is used. This suggests that
the spectrofluorometer does not completely reject undesired wavelengths and some
scattered radiation must exit the excitation monochrometer at wavelengths not blocked by
the filter. 2.12 x 10-8 M BPEA has an absorbance of 0.389 at 475 nm and the 500 nm
filter has an absorbance of only 2.0 at this wavelength. 1% of any scattered radiation
would be transmitted and would be absorbed with this filter included. It is also
interesting that with this longer wavelength excitation that the fluorescence emission
changes its gross shape.

Figure 3.21

Absorption profile of the 500 nm long-pass filter purchased from Newport.
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To further confirm that the “upconversion” signals observed in figure 3.18 are
experimental artifacts and not true upconversion, another experiment was performed with
only the emitter (BPEA) in solution. The concentration of BPEA was identical to that
used in an upconversion experiment (8.75 mM) and much higher than the fluorescence
emission experiment. Spectra were recorded when the solution was excited with 550 nm
and 600 nm light (10 nm bandpass) and emission was recorded with a 5 nm bandpass and
integration time of 1 second (Figure 3.22). These spectra are very similar to those
recorded with the mixed upconversion solution. This strongly suggests that direct
excitation of the BPEA emitter is occurring from the absorption of radiation not blocked
by the 500 nm excitation filter.
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Figure 3.22

Emission spectra of 8.75 mM BPEA solution with incorporation of the 500
nm filter.

Emission recorded with a 5 nm bandpass and an integration time of 1 second. Each
spectrum is labeled with the excitation wavelength used and the excitation bandpass was
set at 10 nm.
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CHAPTER IV
CONCLUSIONS AND FUTURE WORK
4.1

Conclusions
This work has demonstrated that a spectrofluorometer can be used to detect low

power upconversion based on triplet-triplet annihilation but great care must be taken to
block undesired excitation sources. This represents a significant development showing
that low power incoherent light can be used to quickly and effectively screen emitter/
sensitizer solutions as potential upconversion sources. It has been shown that
upconversion does not require high powered lasers for the sources, and less powerful
sources that are closer to the specifications of the energy received by the sun can be used.
The spectrofluorometer was used to show upconversion of previously known
upconversion solutions (2.8 x 10-4 M [Ru(dmb)3]2+ and 21 mM DPA solution and 1.05 x
10-4 M [Ru(deab)3]2+ and 6.0 x 10-1 M DPA). A new emitter/ sensitizer upconversion
solution (2.8 x 10-4 M [Ru(deab)3]2+ and 8.75 mM BPEA) was made and tested. At this
time upconversion has not been demonstrated.
4.2

Future Work
Methods for studying upconversion are not abundant and obstacles are present

with those methods that are available. More techniques should be available for scientists
to find emitter/ sensitizer pairs. Other instruments with higher quality monochromators
should be explored to minimize the need for filters required to block higher-order grating
effects and scattering like those seen in the current work. Also, a slightly more powerful
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excitation source than the one used in the Horiba Fluoromax-4 would allow for larger
upconversion intensity to be realized on spectra, and therefore make data analysis easier.
These and other considerations to the components of instruments need to be addressed so
that more instruments and techniques are available for the study of upconversion.
With the observations of the upconversion solution of 2.8 x 10-4 [Ru(deab)3]2+ and
8.75 mM BPEA and the experiments looking only at BPEA, it is clear that more
consideration of wavelengths exiting the monochromators needs to be applied. New
long-pass filters need to be obtained in order to run more experiments. As the excitation
is increased a different long-pass filter could be incorporated. For example, when
exciting at 600 nm a 550 nm long-pass filter could be used, or when exciting at 700 nm, a
650 nm filter could be used, and so on. This would ensure unwanted wavelengths are
blocked and if peaks are present shorter than the excitation, they are in fact upconversion
and not deficiencies with the spectrofluorometer.
Experiments that change the temperature for upconversion solutions would also
be a key feature to study. Experiments could be performed at outdoor temperatures on a
day-to-day basis instead of room temperature. The reason for this would be to test real
world application capability of the upconversion systems. If upconversion systems are to
eventually be applied to current solar technology they need to be capable of applying to a
number of scenarios. Everything cannot always be at room temperature.
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